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Ž .
Ubiquinone-10 UQ is an integral component of the respiratory chain that mediates the electron transfer in the inner mitochondrial membrane and participates in the translocation of protons across the membrane. In spite of the intense activity aiming at elucidating the mechanism of its function, details of the reduction mechanism of UQ and of the oxidation Ž . mechanism of ubiquinol-10 UQH in membranes 2 remain somewhat controversial. The mechanistic fea-( )UQ has been investigated at a n-alkanethiol modified w x gold electrode 4 , within a phospholipid layer deposited on a n-alkanethiol modified gold electrode w x 5 , within a thick phospholipidic matrix added on a w x pyrolytic graphite electrode 6 and in a supported w x phospholipid bilayer obtained by vesicle fusion 7 . The use of membrane models to investigate UQ behaviour is of significant interest since the location w x of UQ within phospholipid membranes 8 and its w x lateral mobility are critical to its function 5 . Naturally, the reaction pathway of the UQrUQH system 2 in biomembranes may also be significantly affected by the binding of the polar functional quinone group w x to redox-active proteins 9 , an aspect beyond the scope of the present work.
The mechanism of electroreduction of UQ incorporated in a self-assembled monolayer of phos-Ž . phatidylcholine PC deposited on mercury was rew x cently investigated in this laboratory 10 . The lipid coating was provided by spreading a solution of the lipid in pentane on the surface of an aqueous electrolyte, allowing the solvent to evaporate, and immersing a hanging mercury drop electrode in the w x electrolyte 11-15 . Over the potential range from Ž . y0.2 to y0.8 V SCE , these lipid monolayers are impermeable to inorganic ions and behave like halfmembranes, with the polar heads directed towards the w x aqueous solution 11 . Thus, the differential capacity of phospholipid films supported by mercury ranges from 1.6 to 1.8 mF cm y2 depending on the nature of the lipid and of the aqueous electrolyte, and hence, is about twice as high as that of planar bilayer lipid Ž . membranes BLMs . These lipid monolayers are highly reproducible, completely solvent-free and exhibit a high mechanical stability.
A quantitative analysis of the mechanism by which important mitochondrial redox components of the electron-transport chain such as UQ and ubiquinol, UQH , undergo electron and proton transfer while 2 being incorporated in a self-assembled, defect-free lipid monolayer in contact with an aqueous solution is of significance from a biophysical viewpoint since it simulates biologically relevant conditions. In Monw x celli et al. 10 , the investigation of UQ reduction on phosphatidylcholine-coated mercury electrodes was carried out by a computerized chronocoulometric apw x paratus 16 , which makes use of a very fast operational amplifier for current integration. This apparatus is particularly suitable for recording fast transients, but the stability of the operational amplifier does not allow a sufficiently accurate integration of the very Ž . low currents of the order of 1 pA that flow after 0.5 % 1 s from the instant of a potential jump. Hence, our chronocoulometric apparatus could not be used to investigate the reverse process of UQH oxidation to 2 UQ. In fact, at the most positive potentials at which the lipid monolayer still behaves like a half-membrane, complete oxidation of UQH to UQ requires a 2 few seconds. The present work aims at investigating the mechanism of UQH oxidation to UQ as a func-2 Ž . tion of pH by cyclic voltammetry CV , using potential scan rates low enough to follow the corresponding kinetics. The investigation of UQ reduction to UQH by long time-scale cyclic voltammetry con-2 firms substantially the mechanistic conclusions drawn w x from chronocoulometric measurements 10 , but reveals some further interesting features. Thus, it points out that a non-negligible fraction of the intermediate semiubiquinone radical anion UQ Øy uptakes protons very slowly, and hence, retains its intermediate oxidation state during the recording of the whole cyclic voltammetric peak for UQ reduction.
Experimental
The adsorbed monolayers of dioleoylphosphatidyl-Ž . choline DOPC on mercury were prepared as dew x scribed earlier 11-13 . The water used was obtained by distilling light mineral water, and by then distilling the water so-obtained from alkaline permanganate. Merck reagent grade KCl was baked at 5008C before use to remove any organic impurities. DOPC Ž from Lipid Products South Nutfield, Surrey, Eng-. Ž . land and horse-heart ubiquinone-10 UQ from Sigma were used without further purification. Working solutions of lipid and UQ in pentane for spreading at the air-water interface were prepared everyday and stored at y208C. All measurements were carried out in aqueous 0.1 M KCl at 258C. The pH was controlled with a HBO rNaBO buffer from 8.5 to 9.5. The 2 2 overall concentration of the acidic and basic components of the buffer is referred to as the buffer concentration. The home-made hanging mercury drop electrode Ž . HMDE employed in the measurements, the cell and ( )the detailed procedure to produce self-assembled lipid monolayers deposited on mercury are described elsew x where [12] [13] [14] Before the recording of cyclic voltammograms, the differential capacity C of the lipid monolayer was always measured against the applied potential E to check the stability and reproducibility of the film. The C vs. E curves obtained with UQ concentrations F 0.5 mol% in the DOPC monolayer practically coincide with those obtained with pure DOPC; in particular, the differential capacity along the flat minimum in the C vs. E curves assumes the same value of about 1.75 mF cm y2 for both cases. With an increase in the UQ concentration, a single immersion Ž of the mercury drop through the layer of DOPCq . UQ spread on the solution surface was usually found not to be sufficient to attain the same differential capacity minimum as that of a pure DOPC monolayer. To achieve this goal, an increasing number of successive immersions of the same mercury drop was normally required. Further electrochemical measurements were carried out only after attaining this result. At UQ concentrations, ) 2 mol% experimental measurements became progressively more irreproducible even upon adopting the above-procedure.
The charge density s on the lipid-coated mer-M cury drop at constant applied potential was measured by using a variant of the lipid-coated mercury elecw x trode 17 suggested by the pioneering work by Miller w x 18 . Briefly, the surface of the lipid-coated electrode was contracted by an accurately measured amount Ž while keeping its neck in contact with the DOPCq . UQ layer previously spread on the surface of the aqueous solution; under these conditions, the lipid monolayer supported by mercury remains in equilibrium with the 'lipid reservoir' and hence, retains its properties upon contraction. The charge flowing along the external circuit as a consequence of this contraction, once divided by the decrease in the drop area, provides a measure of the charge density s on the M mercury surface, with an accuracy of 0.02 mC cm y2 .
Results
Fig . 1 shows a typical cyclic voltammogram obtained from a DOPC monolayer containing 1.5 mol% UQ in contact with a pH 9.5 buffer solution of 0.1 M KCl by scanning the potential from y0.1 to y0.7 Ž . V SCE and vice versa at a scan rate of 5 mVrs. The peak for UQ reduction and that for UQH oxidation 2 are both well-developed. A gradual increase in the scan rate causes a negative shift in the reduction peak and a positive shift in the oxidation one, with a resulting increase in the separation between the two peaks. The potential, E , of the midpoint between mp the potential, E , of the maximum of the reduction r,p peak and the potential, E , of the maximum of the o,p oxidation peak is not affected by the scan rate. A gradual increase in pH causes a negative shift of both the reduction and the oxidation peaks. Thus, the midpoint potential E shifts by about 60 mV in the mp negative direction per each unitary increment in pH, as shown in Fig. 2 . Over the whole pH range investigated, a change in the buffer concentration from 5 = 10 y4 to 5 = 10 y2 M at constant pH has no appreciable effect on the reduction and oxidation peaks. The midpoint potential E in Fig. 2 can be mp taken as a measure of the formal potential of the UQrUQH couple in the DOPC monolayer. It is 2 interesting to observe that this formal potential and its pH dependence practically coincide with those w x determined by Gordillo and Schiffrin 19 from the cyclic voltammograms of UQ submonolayers deposited on mercury by a procedure consisting in immersing a mercury drop through a layer of UQ spread on the surface of an aqueous electrolyte. The extrapolated value of the formal potential at pH 7, fy0.13 VrSCE, is also in fairly good agreement with the value y0.15 VrSCE, determined by w x Takamiya and Dutton 20 from redox titrations of UQ in chromatophores, with the value y0.18 w x VrSCE, determined by Urban and Klingenberg 21 from mitochondrial preparations, or with the value w x y0.17 VrSCE, determined both by Rich 22 from model quinone behaviour in protic solvents and by w x Marchal et al. 7 from supported phospholipid layers.
An exceeding decrease in pH or increase in scan rate shifts the oxidation peak outside the region in which the lipid monolayer is impermeable to inorganic ions; when this occurs, the oxidation peak is notably obliterated by the high increase in capacitive current that accompanies the penetration of inorganic ions across the lipid film. Hence, no reliable measurements of the oxidation peak potential could be carried out at pH -8.5 with a scan rate of 50 mVrs.
Ž . At the lower pH investigated pH 8.5 , repeated cycling does not affect the shape of cyclic voltammograms, provided that the scan rate Õ equals 5 mVrs. At higher scan rates, the time during which the electrode is maintained at potentials causing the reoxidation of UQH to UQ along the positive potential 2 scan is too short to allow a complete regeneration of UQ; hence, the reduction peak of UQ decreases somewhat in passing from the first to the subsequent cycles. In this case, the electrode was kept at an initial potential E sy0.1 V for a few seconds in before the negative scan and only the first cyclic voltammogram was considered.
The reduction peak of UQ
Ž .
Plotting the dimensionless quantity FE r RT r,p against ln Õ at constant pH, where Õ is the scan rate, yields a straight line of slope f 1 over the whole pH range investigated, as shown in Fig. 3 . Plots of Ž . yFE r 2.303 RT against pH at constant Õ are also r,p Ž . linear Fig. 4 , but their slope is somewhat less reproducible and ranges from f 0.65 to f 0.8. At any rate, a well-defined trend is always observed: an increase in the scan rate from 5 to 50 mVrs causes a moderate decrease both in the slope of the Ž . yFE r 2.303 RT vs. pH plot and in the faradaic r,p charge Q obtained upon integration of the area f under the reduction peak. Fig. 5 shows plots of Q f against the UQ concentration at different scan rates. The straight line in the same figure is the plot calculated for the case of a complete two-electron reduction of UQ to UQH under the assumption that 2 both the lipid and the UQ molecules occupy a surface 2 area of 65 A ; incidentally, at the low UQ concentrations investigated, the uncertainty in the actual surface area occupied by one UQ molecule has an almost negligible effect on such an estimate. It is apparent that the experimental plot for Õ s 5 mVrs closely approaches the calculated straight line, at least for UQ concentrations -2 mol%. However, a progressive increase in Õ causes a gradual deviation from the straight line, which is larger the higher the UQ concentration is. Hence, increasing the scan rate and the UQ concentration prevents UQ from undergoing a complete reduction to UQH along the reduc-2 tion peak. These results agree with those obtained by w x the chronocoulometric technique 10 , where deviations of Q from the calculated straight line are f already observed at UQ concentrations ) 0.5 mol% Ž . in view of the very short electrolysis time 50 ms adopted with this technique.
Occasionally, the main reduction peak was followed by a smaller, more negative peak, as shown in ( )the cyclic voltammograms of Fig. 6 . At the lower scan rates, this further peak partially overlaps on the main one. An increase in scan rate causes the second peak to shift in the negative direction faster than the main one, until the two peaks are completely separated. Whenever the second peak overlapped partially on the main one, the background correction was first carried out by subtracting the cyclic voltammogram in the absence of UQ from that in its presence, under otherwise identical conditions; the graphical deconvow x lution program by Rakotondrainibe et al. 23 was then employed to estimate the peak potential, E X , of r,p the second voltammetric peak. Plots of ln Õ vs.
X Ž .
X FE r RT have a slope of f 0.5. E is practically r,p r,p independent of pH, at least over the narrow pH range investigated. The overall area under both reduction peaks decreases with an increase in Õ, similarly to what is observed in the presence of a single peak.
The oxidation peak of UQH 2
Ž . Plots of the dimensionless quantity FE r RT o,p against ln Õ at constant pH yield a straight line of slope f 1 over the whole pH range investigated, as shown in Fig. 3 . A practical unit slope is also exhib-Ž . ited by plots of yFE r 2.303 RT against pH at o,p Ž . constant Õ, for all scan rates investigated see Fig. 4 .
Discussion
To provide an interpretation of the experimental behaviour, an approach analogous to that already used in connection with the chronocoulometric techw x nique 10 will be adopted. The deviations from the predictions of this approach will then be examined.
Briefly, the overall electrode reaction is regarded as consisting of a series of consecutive elementary electron-transfer and purely chemical steps; the chemical steps will be assumed to be protonation steps in UQ reduction and deprotonation steps in UQH oxidation. Only one rate-determining step will 2 be assumed, all other steps being in quasi-equilibrium. Under these conditions, a number of general w
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Here and in the following, the upper sign refers to a reduction process and the lower sign to an oxidation process. F, R and T have their usual significance, whereas the meaning of the other symbols is as follows: E s applied potential; n s number of electrons involved in the overall electrode reaction; G s R Ž concentration of the reactant UQ for the reduction, . UQH for the oxidation in the lipid monolayer; 2 ™ n s number of electrons exchanged before the ratedetermining step; k s rate constant for both the ratedetermining step and the overall electrode reaction; K s overall equilibrium constant embodying the equi-Ž librium constants of all protonation or deprotona-. tion steps preceding the rate-determining step, as Ž . proton donor for the reduction or of the main proton Ž . acceptor for the oxidation involved in the rate-determining step, if this is a protonation or a deprotonation step; y s molecularity of the rate-determining Ž step with respect to the species Y 1 for a protonation or deprotonation rate-determining step, 0 for an elec-. tron-transfer rate-determining step ; a s parameter equal to the symmetry factor b f 1r2 for the rate-determining uptake of one electron from the electrode, Ž . or to 1 y b for the rate-determining release of one electron; d s parameter equal to 1 for a rate-determining electron-transfer step, or to 0 for a rate-determining chemical step. Note that the potential de-Ž . pendence of the current in Eq. 1 has the same form as in the well-known Butler-Volmer equation.
In cyclic voltammetry, E is a linear function of time:
Here E is the initial potential and Õ is the absolute in value of the scan rate; hence, the negative sign refers to a reductive scan while the positive sign refers to an Ž . oxidative scan. On substituting E from Eq. 2 into Ž . Eq. 1 and integrating the resulting equation over the electrolysis time t from t s 0 to t s t by separation of variables, we get:
where:
Ž . Ž . Here G 0 and G t are the concentrations of the R R reactant R before the electrolysis and at time t, Ž . respectively. In integrating Eq. 1 to yield the second Ž . member of Eq. 3 , unity was neglected with the respect to the exponential factor; this neglect is entirely justified provided that the initial potential E in precedes the voltammetric peak by no less than about 100 mV.
Ž . By definition, the faradaic charge Q t that conf sumes the reactant R is given by:
R R
Ž . and hence a constant value of Q t implies a conf Ž .
Ž . stant value of G t . By keeping constant both Q t R f Ž Ž .. and the initial concentration of R i.e., G 0 the R Ž . first member in Eq. 3 is therefore constant, and the same is true for the third member. Under these conditions, differentiation of the logarithm of the latter member with respect to E at constant pH and with respect to pH at constant Õ yields:
Ž . Ž . The left-hand sides of Eqs. 6 and 7 were estimated by measuring how the potential corresponding to a constant faradaic charge Q varies with the logarithm f of the scan rate Õ at constant pH, or else with pH at constant Õ. These measurements were carried out for a constant initial concentration of UQ in the lipid monolayer; naturally, when carrying out oxidative potential scans, the initial concentration was that of UQH resulting from the previous total reduction of 2 UQ in the lipid film.
As a rule, for a constant initial concentration of UQ, the faradaic charge Q obtained by integrating f the area under the voltammetric reduction or oxidation peak from its onset up to the peak potential E r,p or E was found to remain substantially constant o,p when varying the scan rate or the pH. Hence, the rates of change of E or E with varying ln Õ at r,p o,p constant pH and with varying pH at constant Õ were Ž . Ž . directly employed in Eqs. 6 and 7 . In those cases in which the charge under the voltammetric peaks for UQ reduction was found to decrease appreciably with an increase in scan rate, the potentials at constant faradaic charge were estimated by integrating the area under the various reduction peaks from their onset up to attainment of a faradaic charge Q equal f to that corresponding to the peak potential E for r,p the reduction peak recorded at the lowest scan rate. As the scan rate is increased, the potentials at constant Q so-obtained shift progressively, albeit very f slightly, in the negative direction with respect to the corresponding peak potentials. In practice, however, this correction is so small that it hardly affects the Ž . slopes of the resulting plots of FEr RT at constant Q vs. ln Õ or vs. pH with respect to the correspond- . indicates that the quantity n q da is also equal to unity. Since a is expected to be close to 1r2, it must ™ be concluded that n s 1 and d s 0, and hence, that the rate-determining step is a deprotonation step following the reversible release of the first transferring electron. This conclusion is supported by the slope of Ž . the yFE r 2.3 RT vs. pH plot being approxio,p mately equal to unity. In fact, this slope can be Ž . justified on the basis of Eq. 7 by setting h s 0, y s 1 and by identifying the main proton acceptor Y Ž with the hydroxyl ion, which implies that Elog . a rEpH is also equal to unity. Fig. 4 are also approximately linear; however, they exhibit slopes less than unity that decrease slightly with an increase in scan rate. Within the limits in which the deviations of the latter plots from unity can be disregarded, considerations entirely analogous to those made in connection with UQH oxida-2 tion lead to the conclusion that the rate-determining step for UQ reduction is the protonation of the radical anion UQ Øy involving the proton as the only effective proton donor, according to the mechanism:
UQ q e lUQ ; UQ qH ™ UQH ; UQH 10 by chronocoulometry show indeed slopes of f 0.8. In that paper, these deviations from the expected unit value were ascribed to Langmuirian adsorption of protons in the polar-head region. The long time-scale voltammetric behaviour reported herein brings to light further interesting features: thus, a gradual increase in scan rate causes a Ž progressive decrease both in the slope of yFE r 2.3 r,p . RT vs. pH plots and in the charge associated with the reduction peak of UQ. This correlation between decrease in charge and decrease in pH dependence is shown in Fig. 7 . This strongly suggests that the decrease in the pH dependence of UQ reduction is due to an incomplete reduction of the intermediate semiubiquinone radical anion, UQ Øy , during the recording of the UQ voltammetric peak. The higher the scan rate, the larger the amount of UQ Øy that remains in the lipid film at the end of the voltammetric peak, and hence, the smaller the charge associated with this peak. This phenomenon must also be accompanied by a decrease in the pH dependence of UQ reduction; in fact, this dependence stems from the rate-determining protonation of the semiubiquinone radical anion, which is followed by the almost instantaneous reduction of the resulting neutral radical UQH Ø to ubiquinol. To provide a semiquantitative explanation of the above experimental behaviour, alternative mechanisms were examined. One mechanism postulates a Moreover, at the high k values required to predict p the relatively large experimental pH dependence of UQ reduction, the UQ Øy concentration extremely low along the whole voltammetric peak, with the result that the calculated charge associated with this peak amounts constantly to 2 Faradays per mole of UQ. Ž . A further mechanism mechanism A postulates two types of reaction sites for UQ reduction. The first site is readily accessible to protons, which allows the electron-transfer step and the subsequent protonation step to proceed under steady-state conditions with complete reduction of UQ to UQH . Conversely, the 2 second site is inaccessible to protons in the time scale of the cyclic-voltammetric measurements, causing UQ reduction to stop after the first electron-transfer step. Nonetheless, the UQ and UQ Øy molecules are allowed to partition freely between the two reaction sites; with this assumption a single voltammetric peak is again predicted. Details of this mechanism are outlined in Appendix A. The standard rate constant k for the electron-transfer step is assumed to be the 7 was calculated according to this mechanism. Quite probably, the reaction site inaccessible to protons is located deeper inside the lipid monolayer with respect to that accessible to protons.
The occasional appearance of two distinct peaks for UQ reduction can only be explained by assuming the presence of a 'UQ-rich' phase that is not constrained by the ordered chains of the membrane lipid: the UQ molecules are practically segregated into these UQ-rich pockets and cannot exchange freely with the UQ molecules intercalated in the lipid monolayer, at least in the time scale of cyclic voltammetric measurements. The possibility that the slowly protonating quinone radical pool may be directly adsorbed on the electrode surface cannot be excluded. With respect to the aqueous phase, such a position is equivalent to that in the midplane of a lipid bilayer: the latter position was postulated by several rew x searchers 27-31 . The presence of the second voltammetric peak in Fig. 6 can be ascribed to a reduction of the UQ molecules trapped in these UQrich pockets under the control of the first electrontransfer step. Thus, the slope of the ln Õ vs. X Ž . FE r RT plot relative to the second peak yields a r,p ™ Ž . value of f 0.5 for the quantity n q da , in view of Ž . Eq. 6 ; this can be readily interpreted by setting ™ n s 0 and d s 1, namely by assuming that UQ reduction is controlled by the uptake of the first transferring electron. Moreover, the pH-independence of the second peak excludes a protonation step in quasiequilibrium preceding the rds. Fig. 8 shows cyclic voltammograms calculated by ascribing the first peak to UQ reduction according to mechanism A and the second peak to the irreversible reduction of UQ molecules trapped in the UQ-rich pockets.
The necessity of passing the mercury drop a few Ž . times across the DOPCq UQ layer over the range of UQ concentrations from 0.5 to 2 mol% in order to transfer on the mercury drop a lipid monolayer with the same features as those of a pure monolayer may indeed be ascribed to the tendency of the UQ molecules to segregate: repeated immersions may favour the intercalation of these molecules in the lipid monolayer. The existence of two distinct UQ phases, suggested by the cyclic voltammograms in Fig. 6 , with a slow exchange between their populations, was also proposed on the basis on a 1 H-NMR w x investigation of UQ in perdeutarated PC bilayers 32 . It is apparent that the higher local concentration of UQ in the UQ-rich phase affects the kinetic properties of UQ and stabilizes the UQ Øy radical anion. The lifetime of the radical anion is appreciable even when a single voltammetric peak is observed, as indicated by the concomitant decrease in its pH dependence and in the corresponding faradaic charge Ž . with an increase in scan rate see Fig. 7 . This may have some implications for the function of UQ in biological membranes such as the inner mitochondrial membrane or the photosynthetic vesicle of purple bacteria, where the secondary acceptor Q is B considered to accept two electrons, one after the other, before undergoing protonation.
Denoting by r the ratio of the number of a-sites to the total number of sites in the lipid monolayer, we have: The disappearance of 1 mole of O contributes 2 Faradays to the charge density, provided that we subtract 1 Faraday for each mole of R that is formed in place of the final reduction product R . Hence, the 1 current density is given by:
The voltammograms relative to mechanism A can be calculated by integrating the two differential Eqs.
Ž . Ž .
5A and 6A over E by the fourth-order RungeKutta method, with the initial conditions r s 1 and O r s 0.
R
In the presence of a pool of UQ molecules that do not exchange with the molecules intercalated in the lipid monolayer, the overall current density is just the Ž . sum of the current density expressed by Eq. 7A due to the intercalated UQ molecules, and of a current density due to the quasi-reversible or irreversible reduction of the UQ molecules of the pool. The latter current is calculated by solving the differential equations:
s m r h y r h ; Ž . Ž .
R O d E RT
where the dimensionless concentrations r X , r X , the O R dimensionless standard rate constant m X and the sym-0 metry factor b X are generally different from those for the intercalated UQ molecules.
